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ABSTRACT

Inbreeding depression is a general phenomenon that is due mainly to recessive deleterious mutations,
the so-called mutation load. It has been much studied theoretically. However, until very recently, population
structure has not been taken into account, even though it can be an important factor in the evolution of
populations. Population subdivision modifies the dynamics of deleterious mutations because the outcome
of selection depends on processes both within populations (selection and drift) and between populations
(migration). Here, we present a general model that permits us to gain insight into patterns of inbreeding
depression, heterosis, and the load in subdivided populations. We show that they can be interpreted with
reference to single-population theory, using an appropriate local effective population size that integrates
the effects of drift, selection, and migration. We term this the “effective population size of selection”
(N%). For the infinite island model, for example, it is equal to N$ = N(1 + m/hs), where Nis the local
population size, m the migration rate, and % and s the dominance and selection coefficients of deleterious
mutation. Our results have implications for the estimation and interpretation of inbreeding depression
in subdivided populations, especially regarding conservation issues. We also discuss the possible effects

of migration and subdivision on the evolution of mating systems.

NBREEDING depression, the decline of fitness of in-
bred individuals relative to outbred ones, is a general
phenomenon observed in many species (CHARLESWORTH
and CHARLESWORTH 1987) and for along time (DARWIN
1876). It has been much studied theoretically (LANDE
and ScHEMSKE 1985; CHARLESWORTH ef al. 1990b;
BATAILLON and KirkPATRICK 2000) and experimentally
(ScHEMSKE and LANDE 1985; HusBAND and SCHEMSKE
1996) because it is supposed to play a key role in the
evolution of mating systems and to challenge the viabil-
ity of small populations. The genetic basis of inbreeding
depression has been extensively investigated and it is
now recognized that it is due mainly to deleterious and
partially recessive mutations, even if polymorphism
maintained by balancing selection may also play a role
(CHARLESWORTH and CHARLESWORTH 1999). The mu-
tation load is often defined as the decline of mean
fitness due to mutation accumulation relative to an ideal
population free of mutation (Crow 1970). In very large
populations, the mutation load depends only on the ge-
nomic mutation rate (often referred to as U; HALDANE
1937), while the magnitude of inbreeding depression
depends on U and on the levels of dominance of the
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mutations (CHARLESWORTH and CHARLESWORTH 1987).
Fully recessive mutations are maintained in higher fre-
quencies than partially recessive ones and thus cause
greater declines in fitness under consanguineous mat-
ings. Inbreeding depression can be easily estimated by
comparing the performances of progenies produced by
outcrosses vs. consanguineous crosses. On the contrary,
one cannot estimate the load directly because the ideal
reference population does not exist. A better knowledge
of the load and inbreeding depression can be obtained
by characterizing the properties of deleterious muta-
tions (mutation rates, level of dominance, and deleteri-
ous effect) and different methods have been proposed
to estimate them (for review, see DENG and Fu 1998;
BAaTarLLoN 2000a). One method relies upon mutation
accumulation experiments (MUKATI ¢t al. 1972), whereas
the others use measures of inbreeding depression or
some equivalent (CHARLESWORTH et al. 1990a; DENG
and LyNcH 1996; DeENG 1998).

In methods using measures of inbreeding depression,
the underlying models neglect two potentially impor-
tant factors: population size and population structure.
Nevertheless, population size and genetic drift may have
a huge impact on the expected inbreeding depression
due to deleterious mutations. Moreover, drift has oppo-
site effects on the load and inbreeding depression: the
load is higher in small populations than in large ones
(Kimura et al. 1963) while the reverse pattern is expected



2194 S. Glémin, J. Ronfort and T. Bataillon

for inbreeding depression (BATAILLON and KIRKPAT-
RICK 2000). Population subdivision introduces two addi-
tional complications for studying the effects of de-
leterious mutations. First, the outcome of selection is
dependent on process both within populations (selec-
tion and drift) and between populations (migration).
Second, crosses and their fitness can be defined at differ-
ent scales and the choice of a reference is thus crucial,
as already pointed out by WALLER (1993) and KELLER
and WALLER (2002).

Some experimental studies have attempted to esti-
mate inbreeding depression and/or heterosis in subdi-
vided populations. Heterosis can be defined as the ex-
cess in mean fitness of individuals produced by crosses
between demes relative to mean fitness of individuals
produced by outcrosses within deme. Some studies have
addressed population levels and hierachical measures
of inbreeding depression (OUBORG and VAN TREUREN
1994; CARR and DubpasH 1995; BYERs 1998; RICHARDS
2000; SHERIDAN and KaArRowE 2000) while others have
conducted only global analysis (SACCHERI el al. 1998;
VAN OOSTERHOUT et al. 2000). In both types of studies,
inbreeding depression and the mutation load are often
not clearly distinguished. Indeed, until very recently,
the lack of theoretical predictions on the expected pat-
terns of inbreeding depression, heterosis, and the load
in subdivided populations was patent. Selection in sub-
divided populations has already been investigated (MAR-
UYAMA 1972a,b,c; NacyLakr 1989). However, to our
knowledge, only two recent studies have focused on the
patterns of inbreeding depression in subdivided popula-
tion. THEODOROU and CouVvET (2002) have used numer-
ical computations to study specifically the joint effect
of selfing and population subdivision on the evolution
of inbreeding depression. WHITLOCK (2002) has devel-
oped an analytical method for large metapopulations
and weak selection, adressing the outcome of selection
and its prediction using neutral fg.

Here, we present a general method to study the pat-
tern of inbreeding depression, heterosis, and mutation
load expected for a broad range of population structure.
We have adapted a two-locus diffusion method, devel-
oped by OnTA and Kimura (1969, 1971), to a one-locus
treatment in multideme systems. We obtain analytical
results in the case of strong selection that naturally lead
to the definition of a new effective population size,
which integrates the effects of selection, drift, and mi-
gration. The pattern of inbreeding depression, hetero-
sis, and the load can be comprehensively interpreted
with reference to single-population theory, using this
effective population size. Our results suggest a way to
define and estimate inbreeding depression and the load
in subdivided populations. We also discuss the implica-
tions of our results for the evolution of mating systems
and conservation issues.

MODELS AND RESULTS
General presentation

We consider a single locus with two alleles in a meta-
population of K demes, each composed of N diploid
individuals, connected by migration. Individuals succes-
sively experience mutation and reproduction in each
local deme. After zygotic migration, selection occurs
within each local deme, followed by density regulation.
The contribution of each deme to the next generation is
constant and independent of the mean fitness of the
deme. The wild-type allele, A, mutates at rate . to a par-
tially recessive, deleterious allele, a. The reverse mutation
occurs at rate v with v < . The relative fitnesses of the
AA, Aa, and aa genotypes are 1, 1 — hs, and 1 — s,
respectively, where s is the selection coefficient and 72
the dominance coefficient. For simplicity, we analyze
only the case where h and s are identical across all
demes. We first consider random mating in each deme.
For a deleterious mutation segregating at frequency x;
in the ith deme, we can define the mean fitness of
individuals produced by the different types of crosses.
The mean fitness among individuals produced by out-
crossing, in the ith deme, W?, is equivalent to the mean
fitness of the deme assuming random mating, Wyn:

Wwyithin = WO = 1 — 2hsx,(1 — x) — sx?.  (la)

The mean fitness among individuals produced by selfing
in this deme is

WS =1— hsx(l — x) — ;(x,z +x).  (Ib)

Finally, we can define the mean fitness of individuals
produced by crosses between parents coming from dif-
ferent demes, i and j:

Wll;_ctween =1 — hs(xl + x]) - S(l - Qh)x,x] (lc)

In deme ¢, we define inbreeding depression, 8;, as the
decline in mean fitness of selfed individuals relative to
outcrossed individuals within the deme (CHARLESWORTH
and CHARLESWORTH 1987), and the genetic load, L; as
the decline in the mean fitness of the deme relative to
the optimal genotype (AA; CRow and Kimura 1970):

w$ s(1 — 2h) x,(1 — x;)
B(x) =1 — ot — 2
() TRy ——
Li(x) =1 — Wyithin = 9p5x(1 — x) + sx?. (2b)

We define the heterosis, Hj, between two demes i and
J as the excess in mean fitness of individuals produced
by outcrosses between demes relative to mean fitness of
individuals produced by outcrosses within the demes.
We also define between-deme inbreeding depression,
v;»> as the decline in mean fitness of selfed individuals

relative to outcrossed individuals between demes.
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LW+ W s(1 = 2h) (x; = x)*
H/(xu x/) =1-- bemeen
9 W 2(1 = hs(x; + x) — s(1 — 2h) xx)
(2¢)
Zq 1w Wy (= 2k (o a  x — dwix)
Vilx, ) = 1= ot = ¢ ’
9 W heveen 4(1 = hs(x, + x) — s(1 — 2h)x.x)

(2d)

To obtain expected values for our load and inbreed-
ing depression parameters (L, 8, H, y), we have to com-
pute the expectation of the four quantities previously
defined over ®(xj, . . ., xx), the probability distribution
of the deleterious allele frequency over the K demes of
the metapopulation. One can use Wright’s distribution
(see WRIGHT 1969) or the extensions given by MARUYAMA
(1972b) for stepping=stone models. However, because
these distributions are implicitly defined, only numeri-
cal results can be obtained. WHITLOCK et al. (2000)
followed this approach to investigate the magnitude of
heterosis and drift load for the infinite island model.
Here, we develop analytical approximations for the pat-
terns of inbreeding depression in subdivided popula-
tions. If we are able to satisfactorily approximate 9, L,
H, and vy by polynomial functions of degree p, their
expectations over ® will depend only on the p first
moments of ®@. Practically, the two first moments are
sufficient: the load is a quadratic function of x;and good
approximations of §;, Hj;, and v; are obtained, assuming
that W™ and W% in the denominators of Equations
2a, 2c¢, and 2d, respectively, are nearly equal to 1, which
is the case if x; < 1 (strong selection) but also if s < 1
(weak selection). So the mean inbreeding depression,
heterosis, and load can be approximated by
Eyl8] = %:(1 — 2h) (Ealx] — Ealx?]) fori=1,..., K (3a)
EglL) = 2hskg[x] + (1 — 20) skl %] fori=1,..., K (3b)
for i # j (3¢)

y 1 ST o [l o
EplHy| = 55(1 — 2h) (Eplx7] + Eplx}] — 2Ep[xx])

Eply;] = i&(l = 2h) (Eplx] + Eolx] + Eolx?] + Eplxj] — 4kp[xx])
for i # j (Sd)

where Ly denotes expectation with respect to the @
distribution.

Analytical results for the case of strong selection
(Nhs > 1)

Ohta-Kimura equation for subdivided populations: To
compute the first two moments of ®, we adapted the
method developed by OuTA and KiMmura (1969, 1971)
to study the linkage disequilibrium in two-locus models
under mutation-drift equilibrium (see also Appendix 3
of Kimura and OuTA 1971 for details). This method has
been used for two-locus problems in different situations
(e.g., see PETRY 1983; NORDBORG et al. 1996), but, to
our knowledge, this is the first time that it has been
adapted to model subdivided populations.

According to diffusion theory, for each deme, we need

to write the following infinitesimal terms: the mean change
of allele frequency, Ms,;, the variance of the change of
allele frequency, Vs,,, and the covariance of the change
of allele frequency in a pair of demes, Wsys,. Ms,, re-
flects mutation, migration, and selection:

My, = Dp(x) + Apy(x) + Au(x) fori=1,..., K. (4a)

Here, we assume that changes in allele frequency between
generations are small enough to neglect interaction terms
between these elementary processes. Further,

(1 — x
T ) A R S T
; 9N,
and
VVBxﬁxj =0 fori#j. (4¢)
According to OHTA and Kimura (1969, 1971), for any
f(xi, ..., x¢), afunction of the deleterious allele frequen-
cies in each deme, we have
dEo[f(xi, . . ., x)] _ Ey ﬁMmyaf(xl, RRF Xk)
dt =1 9x;
1 K (")Zf(xl, o e ey .xK)
+ 2 Ve
R

K 2
J N
+ 23 EWaxlax]—f & x|
=1 j>i axLaX/

5)

Equation 5 corrects some typographical errors in OHTA
and KiMUra (1971). We consider only the case where
the lefthand term is zero, which corresponds to the
stationary distribution ®. However, using tedious alge-
bra manipulations, temporal dynamics of the moments
can be computed. When Ms,, is linear in x, we can
compute Ep[x], Ep[xi], and Eg[x%] by choosing appro-
priate ffunctions, one for each moment. Thus we have
to solve a system of 2K + K(K — 1) /2 equations, which
give the K moments Eg[x], the K moments Eg[x?], and
the K(K — 1) /2 moments Eg[x;x]. Because of the linear-
ity of ngl_, all moments of interest can be computed for
arbitrary population structure, because the system to be
solved is linear with respect to all moments. However,
we consider only simple population structures where all
demes have the same properties (i.e., equal N, m, s, and
s), which greatly reduces the number of moments to
compute. Note that, ifMMi is notlinearin x; the moment
equations form an infinite linear system and heuristic
arguments must be used to close and solve it.
Assumptions for solving the system: A, (x,) and A, (x;)
are linear terms but not Ay (x). To satisfy the linearity
condition on Ms,;, we linearized the selection term in 0
(x;< 1) following ROBERTSON (1970) and BATAILLON and
KIRkPATRICK (2000): A (x;) = — hsx;. This is equivalent
to assuming that selection acts only against heterozy-
gotes. This assumes that deleterious alleles are not too
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recessive (A > 0) and maintained in low frequencies; so
it is also assumed that p << hs. This approximation is
thus valuable only if local drift is not too strong. In a
single population these conditions correspond about to
Nhs > 5 (BAaTaiLLoN and KiRkPATRICK 2000). With low
migration rates, the analyical results are thus valid for
population sizes of the order of 100 atleast. If migration
overwhelms local drift (high migration rates), we might
expect that x; will be in low frequency in all demes
such that the Nhs limit can be lower. Accuracy of the
approximation is now tested further against numerical
or simulation results.

The K-island model: Computation of the moments: We
consider K panmictic demes of size N, connected by
migration at a rate m. The infinitesimal diffusion terms
are given by Equations 4a—4c with (4a) becoming

My, = —hsx, + p(l — x) — mx, + ——x fori=1,..., K.
' K-17

The reverse mutation, v, is neglected.
For the function f(x, . . ., xx) = x;, Equation 5 implies,
for the stationary distribution,

m p—
K—1%%“ﬂ_&
(7)

Considering the symmetry of the model, all the Eg[x;]
are found to be equal and we drop the subscript i and
refer to them as Eg[x]. Equation 7 can be simplified:

Ep[My,) = b — (hs + p + m)Eglx] +

Eolx] = B+ o(u?). (8)
hs

Note that such linear approximation neglects the effect
of drift and subdivision on the mean frequency of x.

For the function f(x,, . . ., x) = x!, Equation 5 im-
plies

1
Eo[2x:My, + Vo] = 2(n + ;V)E(p[xl]

1
— 2hs + o+ m+ —)Ep[x?
(hs + o+ m + ) Eolx]

2m R _
= lgb(p[xlx]] =0. (9a)

+

For the function f(xi, . .., x9) = x2%, Equation 5 implies
EglxMy, + xMa, + 2Woa] = p(Ealx] + Eolx])

m
K-1

+

(Eo[xi] + Eplx1)

— 2(hs + p + m) Ep[xx]

S (Eplxm] + Ealxx) = 0.

K= 1.
(9b)

Considering the symmetry of the model, all the Fg[x}]

are found to be equal and denoted Eg[x*]. All the Fg
[xx] are also found to be equal and denoted Fg[xx'].
Equations 9a and 9b can then be reduced to the follow-
ing system:

B I 1
oo+ wﬂ {—Q(hs fukm L 2m ”Epw} ]

2m m

%SMB X -1 *Q(hs +pt+ = Egplxx']
(9¢)
Solving the system gives the second-order moments:
A Khs (K — 1)hs )]
Eolx ”/[}”(1 ANk~ e TS TR e
+ O(w?) (10a)
Eglxx'] = p / [hs(l THYI VL E—— 4Nh5Mﬂ
m+ (K— 1)hs m+ (K — 1)hs
m + o). (10b)

Xi
m~+ (K— 1)hs

Taking the limit of (10a) and (10b) for K going to infinity
gives the value for the infinite island model:

Ly 7 = B
ol = ANm + 4N

Ep[xx'] = O(p?). (11b)

We can also compute the moments of the distribution
of deleterious allele frequencies over the whole meta-
population, W. The frequency, y, of the deleterious allele
in the whole metapopulation is y = 1/K2£ |, implying

+ 0(u?) (11a)

1 K
Eyly] = — 2 Eplx] (12a)
Ko
and
1 K K
Eyly’] = —| 2 Ealx] + 23 SEslxx] |- (12b)
KA\Z i=1j>i
Using Equations 8, 10a, and 10b, we obtain
Byly] = 1+ 0(w) (13a)
and
Eylyt] = p / [hs(l +o4Np— BB, 4NhsM>]
v m+ (K— 1)hs m+ (K— 1)hs

y Km + (K — 1)hs

2
m+ (K= Dyhy T OW): (13b)

Taking the limit for K going to infinity gives the value for
the infinite island model and leads to Ey[y?] = O(p?). In
the infinite island model, the distribution over the whole
metapopulation is, as expected, a Dirac’s 8 distribution
at the point w/hs.

“Lffective population size of selection”: Using the same
approximation [linearization of A (x;) ] BATAILLON and
KirkpPATRICK (2000) have shown that, in a single large
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Ficure 1.—Effective population size of
selection as a function of migration rate for
different population structures. N = 1000,
h = 0.2, and s = 0.05.
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but finite population, the deleterious allele frequency
follows a B distribution with mean £ = p/hs + O(n?)
and variance o= p/hs(1 + 4Nhs) + O(p?). Comparing
this result to Equations 8 and 11a, we note that each
local deme under the infinite island model is equivalent
to a single population under this model, with a new
local effective population size. We chose to call this
parameter “effective population size of selection.” Ex-
tracting N from the expression for 0%, we can generally
define this parameter:

NS = l(fL - 1) = 1(“ - 1). (14)
4hs\o2hs 4hs\Vyp[ x] hs

N¢ is defined as the population size of a single popula-
tion where the two first moments of the distribution of
the deleterious allele frequency would be the same as
in a local deme of the whole population. However, using
such effective size also provides good approximations
for higher moments (see Table 2 for skewness and kurto-
sis with Nas = 30 and Nhs = 3).
For the K-sland model,

Km + (K — 1)hs

N =N , (15a)
m+ (K— 1)hs
and for K tending to infinity,
NS = N(l + m) (15b)
hs

Equations 15a and 15b show that migration increases
the local effective population size (see Figure 1) and
this increase is more important for recessive and weakly
deleterious mutations, which are the mutations that are
the most difficult to purge in a single population.

F3r at the selected locus: An index of population struc-
ture, denoted here F§; to distinguish it from the neutral

0.08 0.1
— K =100 islands model
= = - K =20 islands model

Fsr, can be defined for the selected locus as the ratio of
the among-deme variance over the total variance of allele
frequency,

Ep[x*] — Eplxx']
K/(K = D) Ep[x] — 1/(K — 1) Ep[%*] — Egp[xx']
(16a)

N—
I =

(WRIGHT 1969), which reduces to

27 _ 2
F§T _ Lyl x7] Lol x] (16b)
Ep[x] (1 — Eplx])
for the infinite island model (see APPENDIX A).
Using (8), (10a), and (10b), we find for the K-island
model

s 1

Fg = + O(p?
1 + ANm(K/(K — 1))? + 4NhsK/(K — 1) (1)
(17a)

and for the infinite island model
F ! + o). (17b)

"1+ 4Nm + 4Nhs

This means that, for strong selection, F§; at a selected
locus is much smaller than Fg;r at a neutral locus. As
expected, strong and uniform selection limits popula-
tion differentiation. Selection prevents the local fixation
of deleterious alleles and increases the effective migra-
tion rate of wild-type alleles such that differentiation
between demes declines. For weak selection, the results
obtained are quite robust and Equations 17a and 17b
are still valid. Indeed, as s tends toward 0, we recover
the expected value for a neutral f5 (see Figure 2 and
WHhiTLOCK 2002).

Average inbreeding depression, genetic load, and heterosis:
Using Equations 3a-3d, the expressions for the first-
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FIGURE 2.—F%; at the selected locus in
the infinite island model as a function of
the number of migrants (Nm), for different
coefficients of selection. Curves correspond
to Equation 17b and symbols to numerical
results given by integration of Wright’s
equation for the infinite island model (see
APPENDIX C). Neutral Fgr is also given. N =
1000, = 0.2, .. = 107%, and v = 107",

1.00
S
FST s=0.005
% - Neutral Fg;
010% ¢=001 *
001 ¥ i Ear SRR Shi S0 SEL T
0.00 — T ! r
0.01 0.1 |

and second-order moments and the expressions for the

F$r, we can now compute the average local inbreeding

depression and genetic load and the average heterosis

and inbreeding depression between two demes.
Inbreeding depression is given by

Ep[8] = dror(1 — I, (18)
where
bn - B 20
X (1 - 1/ (1 AN (Ilr\;hi Das AN ik(; PT) hs (Kr::((lf—_ 11)>/L,:;
+ 0(p?) .

Otor is the average inbreeding depression over the whole
metapopulation considered as a single unit, ¢e., the
inbreeding depression averaged over the W distribution.
Itreduces to d;or = (1 — 2h) /2h + O(p2) in the infinite
island model, which corresponds to the deterministic
inbreeding depression (CHARLESWORTH and CHARLES-
WORTH 1987).

In the same way, we can compute the average load,

Ep[L] = Lyor + 28perf3r, (19)
where
Lot = 2 + w(l — 2h) 1 + Km/((K — 1)hs)
2h  K(1 + m/((K— 1)hs) + 4NmK/(K — 1) + 4Nhs)
+ o).

Lror is the average load over the whole metapopulation

computed over the W distribution. It reduces to Lyor =

21 + O(W?) in the infinite island model, which corre-

sponds to the deterministic load (HALDANE 1937).
Heterosis is given by

K .
Eg[H] = 2ﬁ8T()TF S (20)

and inbreeding depression between demes by

K+1
K—-1

Ep[y] = 6'1‘0'1‘(1 + F 21) (21)

These derivations show that population subdivision
has opposite effects on inbreeding depression within
and between demes. It decreases local inbreeding de-
pression, compared to an infinite population, whereas
it increases between-deme inbreeding depression. As
expected, heterosis also increases with subdivision. Ac-
cording to the expression of Fg, within-deme inbreed-
ing depression is smaller and between-deme inbreeding
depression and heterosis are correspondingly higher,
as migration, population size, and selection coefficient
are smaller (see Figure 3 for the infinite island model
and Figure 4 for K = 10).

Results for the load are slightly inaccurate because
we have neglected the mild purging effect that occurs
in finite but not too small populations under weak subdi-
vision when & < Y (see S. GLEMIN, unpublished results;
and WHITLOCK 2002). This purging effect has only weak
quantitative consequences on Equation 19 but some
qualitative consequences under & < %. For A > Y, Equa-
tion 19 is quite accurate (see Figures 4 and 5). For A <
Y%, the load decreases with weak subdivision before in-
creasing when subdivision is more important (see also
WhiTLOoCcK 2002). However, these variations are weak
relative to the strong increase of the load in small popu-
lations (KIMURA et al. 1963).

The infinite island model with nonrandom mating:
With nonrandom mating, we need more general expres-
sions for inbreeding depression, the genetic load, and
heterosis as a function of the moments of the probability
distribution of deleterious allele frequency. The various
mean fitnesses of interest can be expressed as functions
of the deleterious allele frequency and fixation index
Fs (CaBALLERO and Hirr 1992). We assume that all
demes have the same Fg. Within the ith deme,
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within (8) and between (y) demes and
heterosis (H) in the infinite island
model as a function of the number of
migrants (Nm). Curves correspond to
Equation 18 for within-deme inbreeding
depression, to Equation 20 for heterosis,
and to Equation 21 for between-deme
inbreeding depression. Symbols corre-
spond to numerical results given by inte-
gration of Wright’s equation for the in-
finite island model (see APPENDIX C). N=
1000, 2= 0.3, u = 107%, and v = 107"
Thick curves and solid symbols corre-
spond to s = 0.05. Thin curves and open
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N NN
0.01 0.1 1
Nm
Wyihin = 1 — 2hs(1 — Fo)x(l — x) — s(x? + Fx(l — x)) (22a)
WO =1 — 2hsx(1 — x) — sx? (22b)

—x) — s(x? + Mx,(l - x)). (22C)

WS =1 — hs(1 — Fg)x(1 5

With nonrandom mating, the mean fitness of the popu-
lation is different from the mean fitness of outcrossed
individuals. The mean fitness of individuals produced
by crossing between parents of two different demes, i
and j, is the same as in the previous case. The four
quantities previously defined are now given by the fol-
lowing expressions:

w1

symbols correspond to s = 0.1.

= és(l — 2h) (E[x}] + E[x7] — 2E[xx]) (23¢)

CIWI WS

Y (x; x) n
2 W l}rl“t‘t‘l!

= 3500 = 20((1 + Fo (L) + ELx))

+ (1 = Fy) (E[x?] + E[x¥]) — 4E[xax]).
(23d)

Computation of the moments: Following CABALLERO and
Hir (1992) and BaTtaiLLoNn and KirkpATRICK (2000)
with the addition of migration, the infinitesimal diffusion

Bi(x) =1 — = <s(1 + Fs) (1 = 2/) (E[x] — E[x7]) 23a . ’
w2 ° (232) terms are obtained from Equations 6, 4b, and 4c by chang-
ing hto hy = (h+ g — hlig) and Nto N.= N/(1 + F;).
Lx) =1 — Wyt = (K + 2h — 2hks)sElx] 8 r = (bt Fs i) ) / is)
Here, the linearization of the selection term is equiva-
+ (1 = F)(1 — 2h)sE[x?] (23b) lent to assuming that selection acts only on heterozy-
o o gotes produced by random mating and against homozy-
H(x, x) =1 — %% gotes produced by nonrandom mating.
i
12 - L (X 5104)
PN Y 'y > -
10~ FIGURE  4.—Inbreeding depression
84 (x ]05) within (8) and between (7y) demes, hetero-
8 7 A s A sis (H), and the load (L) in the finite island
2 L) model (K= 10) as a function of the number
5 (x 105 3 i
6 N e e —— g ———— — -—————" | Sl ®  of migrants (Nm). Curves correspond to
| o - - - < S . .
Equation 18 for within-deme inbreeding
4 - depression, to Equation 19 for the load, to
)21 5 Equation 20 for heterosis, and to Equation
. (x 10°) 21 for between-deme inbreeding depres-
L AR oo pRERRRREAEEE SRELLETER. L T - sion. Symbols represent results of stochastic
"""""""" e simulations. N = 100, # = 0.3, s = 0.05,
0  w=10"" and v = 107°.
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L x10°

Ficure 5.—The mutation load in
the infinite island model as a function
of the number of migrants (Nm).
Curves correspond to Equation 19.
Symbols correspond to numerical re-
sults given by integration of Wright’s
equation for the infinite island model
(see APPENDIX ). N = 1000, 2 = 0.3,
p=10"%and v = 107

Using Equation 5 for the same appropriate f func-
tions and considering the symmetrical properties of the
island model, we can compute the first- and second-
order moments of ® in the case of nonrandom mating.
All moments are found to be the same as in the panmictic
case (see Equations 8, 10a, and 10b), after replacement
of h by hyand Nby N, = N/(1 + K).

Effective population size of selection and selected Fiy: As
previously defined, we can compute the effective popu-
lation size of selection and F$; for the selected locus.
The results are the same as in the case of random mat-
ing, replacing Nby N, and % by %;. Contrary to a neutral
locus, inbreeding decreases F§;. Inbreeding enhances
genetic drift (the effective size is divided by two for
complete inbreeding) but also increases the apparent
dominance coefficient & As a result, inbreeding leads
to more efficient selection, which in turn limits popula-
tion differentiation. Similarly, inbreeding decreases the
effective size of selection but unmasks deleterious alleles
in homozygotes. The second process overwhelms the first
one. As aresult, selection is more efficient with inbreeding
in subdivided populations, just as in infinite ones.

Average inbreeding depression, genetic load, and heterosis:
Using Equations 23a—-23d and the expressions for the
first- and second-order moments, we can now compute
the average local inbreeding depression and genetic
load and the average heterosis and inbreeding depres-
sion between two demes. For inbreeding depression,
Equation 13 is still valid using the appropriate F&; and
Oror = (1 — 2h) (1 + Ky)/2(h + Fs — hks).

The expression for the load is different from (18),

1

— I
Ep[L] = Lior + 2—810rF%r, 24
o[ L] TOT 1+ E tord' st (24)

where

_ W2h + Es— 2hk)
Lror = .
(h + Bs — hi)

Inbreeding depression between demes and heterosis
are now given by

Egp[H] = drorF 3 (25)

I+ FKs

1 - Ks
1+ K

Ep[y] = dror (1 + Fir). (26)

Inbreeding due to nonrandom mating (fis) decreases
both inbreeding depression and the load (as in an infi-
nite population). It also decreases heterosis and inbreed-
ing depression between demes (see Figure 6). With high
levels of inbreeding, the effect of migration on the load
and inbreeding depression (within and between demes)
is very weak (see Figure 6A for inbreeding depression).
The effect of migration on heterosis is more important,
even with inbreeding (see Figure 6B). For weak selec-
tion, equivalent results have been obtained indepen-
dently with numerical methods by THEODOROU and
Couver (2002) for inbreeding depression and the load.
However, they found that for high inbreeding levels,
migration has also very little effect on heterosis.

The unidimensional stepping-stone model: We now
consider a circular stepping-stone model with K panmic-
tic demes of size N, with K = 2p or K = 2p + 1. We
assume only local and equal migration between two adja-
cent demes. We now need to compute p + 2 moments:
Eg[x], Ep[x?], as in the previous cases and the second-
order interdeme moments, Fg[ xx;:4 ] for a pair of demes
separated by k steps, which depend on the distance
between demes. All the moments between two demes
at distance k are equal and we denote them Eg[xx,]. We
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then use p + 2 different ffunctions to solve the system
(see APPENDIX B). Here, we give the results for the infinite
unidimensional stepping-stone model (K— oo):

Eolx] = & + 0(p2) (27a)
hs
2] = E + 0 (27b
Falx] hs(1 + 4NhsN(1 + 2m/hs)) () (27)
Egp[xx,] ph + O(n?) (27¢)

_ 0
hs(1 + 4NhsN(1 + 2m/hs))

withp = (m/(m + hs + Nhs(2m + hs))) representing the
correlation coefficient of deleterious allele frequencies
between two adjacent demes. This result is numerically
consistent with the one found by MarRuvama (1972c) for
finite linear stepping stones (see Equation 12 in MARUY-
AMA 1972¢ with the number of demes tending to in-
finity).
We can also compute

N = NV(1 + 2m/hs) (28)

and
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FIGURE 7.—Heterosis as a function of the distance between demes in the stepping-stone model. Bars correspond to theoretical
predictions given by Equation 30. Symbols represent results of stochastic simulations with K = 20 demes. N = 100, 2 = 0.3, s =

0.05, o = 107, and v = 107"

14‘:. . 1

T = . 29
1 + 4Nhs N(1 + 2m/hs) (29)

For inbreeding depression and mutation load, Equations
18 and 19 still hold, and we can compute the heterosis
and inbreeding depression between two demes at dis-
tance k:

Ep[H,] = QBTOTFQT(l - Pk) (30)
Eplvi] = dror(1 + F(1 — Pk))- (31)

These equations clearly show that heterosis and between-
deme inbreeding depression increase with distance as ex-
pected (see Figure 7 for heterosis). If m is small, p = m/
2hs, so maximum heterosis (28;0:F%r) and inbreeding de-
pression between demes (3ror(1 + Fg)) are reached for
nearby demes.

Robustness and generalization of the analytical re-
sults: The results above are not valid for weak selection.
Indeed, because of genetic drift, the frequency of a
deleterious allele can be high (near 1), so we cannot
linearize A (x;) around x; = 0; i.e., selection against
homozygotes aa cannot be neglected. However, we can
extend qualitatively our theory to more general sets of
parameters. The weakness of our approximations is that
drift and subdivision do not affect the mean frequency
of the deleterious allele, which is always ./ /5. However,
the variance of the frequency of the deleterious allele,
which leads to the definition of the effective size of

selection, is much better predicted by the theory (see
Table 1). Consequently, as we have already said, the
expression for I3 is quite robust (see Figure 2) and
remains a useful qualitative index of the level of popula-
tion differentiation at the selected locus. Because heter-
osis depends on the variance of allele frequency but not
on the mean (see Equation 3c), our approximations for
heterosis are also quite robust under weak selection.
Approximations are less robust for inbreeding depres-
sion and the load because they depend on both the
mean and variance of allele frequency (see Equations
3a and 3b). In a single population, inbreeding depres-
sion and the load show clear patterns as a function of
the population size (KIMURA e/ al. 1963; BATAILLON and
KirkPATRICK 2000). Mutations of large effects (Ns > 1)
segregate at low frequencies and cause most of the in-
breeding depression (BATAILLON 2000b; see S. GLEMIN,
unpublished results, for more precise conditions). Weak
mutations (Ns < 1) are maintained in high frequency
and tend to be fixed in the population and cause drift
load (for example, see WHITLOCK et al. 2000). The drift
load is much higher than the load due to segregating
mutations. Moreover, these mutations also cause most
of the heterosis (WHITLOCK et al. 2000). We predict that
the same patterns are expected in a metapopulation
with the population size corresponding to the appro-
priate effective size of selection. To test this heuristic
prediction, we computed Wright’s equation for a single
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TABLE 2

Accuracy of the effective size of selection (N;) to predict the distribution of deleterious allele frequency

Nm: 0.1 0.3 1 3 10
Neutral Fy: 0.71 0.44 0.20 0.07 0.02
h=0.3,s=0.1 (Nhs = 30)
E[x] Numerical 3.34E-05 3.34E-05 3.34E-05 3.34E-05 3.33E-05
N3 3.34E-05 3.34E-05 3.34E-05 3.33E-05 3.33E-05
V[x] Numerical 2.73E-07 2.71E-07 2.65E-07 2.50E-07 2.06E-07
NS 2.73E-07 2.71E-07 2.65E-07 2.49E-07 2.06E-07
Sk [ x] Numerical 31.00 30.90 30.57 29.67 27.06
NS 31.00 30.90 30.56 29.66 27.04
Kurt [ x] Numerical 1429.67 1420.76 1390.47 1310.85 1093.12
NS 1429.63 1420.64 1390.07 1309.81 1090.59
h=0.3,s=0.01 (Nhs = 3)
E[x] Numerical 3.31E-04 3.31E-04 3.30E-04 3.30E-04 3.31E-04
NS 3.31E-04 3.30E-04 3.30E-04 3.30E-04 3.31E-04
V{x] Numerical 2.4E-05 2.3E-05 1.9E-05 1.3E-05 6.2E-06
NS 2.4E-05 2.3E-05 1.9E-05 1.3E-05 6.2E-06
Sk [ x] Numerical 28.05 27.30 25.15 21.08 14.78
NS 28.14 27.31 25.13 20.99 14.68
Kurt [ x] Numerical 1120.64 1062.50 905.98 645.13 324.31
NS 1187.81 1069.39 906.58 639.98 319.77
h = 0.05, s = 0.005 (Nhs = 0.25)
E[x] Numerical 0.00126 0.00132 0.00154 0.00202 0.00281
NS 0.00135 0.00153 0.00193 0.00247 0.00305
Vix] Numerical 0.00023 0.00022 0.00018 0.00013 6.5E-05
NS 0.00021 0.00018 0.00013 9E-05 4.7E-05
Sk [ x] Numerical 19.26 17.96 14.80 10.21 5.57
NS 19.60 14.06 9.79 6.46 3.93
Kurt [ x] Numerical 479.92 419.16 291.98 147.05 48.11
NS 548.01 257.09 127.51 57.97 23.76
h = 0.05, s = 0.0005 (Nhs = 0.025)
E[x] Numerical 0.01365 0.01076 0.01236 0.01712 0.02257
NS 0.07956 0.01278 0.0171 0.02133 0.02459
V{x] Numerical 0.0082 0.00411 0.00225 0.00126 0.00053
NS 0.06101 0.00205 0.00123 0.00068 0.00028
Sk [ x] Numerical 8.28 8.57 6.37 3.78 1.95
NS 3.63 5.71 3.25 1.94 1.06
Kurt [x] Numerical 76.38 88.48 54.77 22.56 8.44
NS 13.44 46.36 16.24 7.57 4.30

First moments of the distribution are computed using Wright’s equation for the infinite islands model
(Numerical) and using N¢ in Wright's equation for a single population. N = 1000, . = 107° v = 107". Details
of the computation are given in APPENDIX C. Sk, skewness; Kurt, kurtosis.

population, changing the population size by the effective
size of selection, and tested it against numerical computa-
tions of Wright’s equation for the infinite island model
(see APPENDIX C).

Qualitative patterns of the load due to segregating muta-
tions are well predicted by N? (see Table 2). In particu-
lar, using N? instead of Nin Wright's equation accounts
for the weak purging effect that affects the mean fre-
quency of deleterious alleles, which we previously ne-
glected. Higher moments of the distribution are also
quite well predicted (see skewness and kurtosis in Table

2). However, for low migration rates and weak selection,
migration increases the local effective size more than
predicted by N¢. Because of this limitation, the effective
size of selection must be used with caution for weak
selection and further invetigations are needed.

DISCUSSION

Heuristic value of the theory and limitations of the
model: In this study, we adapted a diffusion method to
provide general and analytical results to understand the
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Fixed mutations

Mutations « unmasked » by migration

Mutations segregating in low frequency

Ficure 8.—Distribution of deleterious effects
of mutations and their consequences. Leptokurtic
distribution of selection coefficients is repre-
sented (see, for example, KEIGHTLEY 1994). In a
single isolated population (m = 0), mutations with
effect s > s, (Sim of the order of 5/ N; for example,
see BATAILLON and KIRKPATRICK 2000) segregate
in low frequency at approximated mutation-selec-
tion equilibrium. These mutations cause inbreed-
ing depression if revealed by consanguineous mat-
ings. Mutations with effect s < s, are fixed and

s
Stim m > 0 Stim m=0

Drift load Load due to segregating mutations

Heterosis Inbreeding depression

effects of population subdivision on patterns of inbreed-
ing depression, heterosis, and the load due to partially
recessive deleterious mutations. Because this method
leads to linear equations with respect to the moments of
the distribution of allele frequency, any kind of subdivi-
sion can be studied. The more general and heuristic
result we obtained is that one can use an index of effec-
tive size of selection to interpret the effect of subdivision
by reference to single-population theory. Accurate ana-
lytical results are obtained for strong selection. Our
effective size of selection is still a useful index for a
wider range of situations in which our analytical results
may be less accurate. In a single population, deleterious
alleles for which Ns> 1 segregate in low frequency while
those for which Ns < 1 can be nearly fixed. In a local
deme of a subdivided population, qualitative predictions
can be easily made using the same dichotomy but replac-
ing Nby N?. Compared to a single isolated population,
the main effect of migration is thus to increase the
local effective size and consequently to increase the
proportion of mutations that can be efficiently elimi-
nated (1/N? < 1/N, see Figure 8). Furthermore, this
condition is conservative because migration helps purge
the drift load more efficiently than predicted by N:.
The use of our effective size of selection also offers
a synthetic way of comparing the effect of different
population structures (see Figure 1). In the island model,
for a large number of demes, the effective size of selec-
tion increases linearly with migration. A few migrants
can boost the effective size. However, if the number of
demes is small, the effect of migration on the effective
size of selection is limited (N$ < N.K). If there is isola-
tion by distance, the effect of migration is less important.
Local migration does not greatly increase the effective
size because the distributions of deleterious allelic fre-
quencies in neighboring demes are correlated. This ag-
grees with MarRUYamA (1972c¢), who showed that, in a

cause drift load and heterosis (WHITLOCK et al.
2000) but no inbreeding depression (BATAILLON
and KirkpATRICK 2000). Migration among popu-
lations greatly reduces s, and thus “unmasked”
locally fixed mutations.

stepping-stone model, local drift may carry a deleterious
gene to high frequency even if the whole metapopula-
tion size is high. So, local migration and migration in
asmall island metapopulation (small K) do notincrease
the efficacy of selection much. Similar results were ob-
tained using stochastic simulations by HIGGINS and LyncH
(2001), who showed that mutational meltdown can be
important in small metapopulations or under local mi-
gration.

As in other models (WHITLOCK et al. 2000; THEO-
DpOROU and CouveT 2002; WaITLOCK 2002), our predic-
tions hold for one locus. Extrapolation for total fitness,
which is of interest for the evolution of mating systems
and conservation issues, must assume independence
among loci. Under drift and subdivision this can be
misleading because linkage disequilibrium can lessen
the efficiency of selection (HiLL and ROBERTSON 1966).
Under the assumptions we used (strong selection, Nhs >
1), we expected that such associations should develop
only between tightly linked loci. However, if there is a
wide distribution of deleterious effects of alleles, inter-
ferences between weakly and strongly selected loci are
more likely to happen (STEPHAN et al. 1999). Multilocus
extension of such models is thus needed to answer to
these questions.

The genetic basis of inbreeding depression and heter-
osis in subdivided populations: Inbreeding depression
and heterosis are often seen as two aspects of the same
genetic process. However, we show here that their ge-
netic basis can be quite different. Inbreeding depression
is primarily due to mutations with strong effect (for
which F3; is low, see Equation 18) whereas heterosis is
due to mutations of weak effect (for which F§; is high,
see Equation 20). The level of gene flow and the local
population size determine which kind of mutations will
be the primary contributors to inbreeding depression
and heterosis (see Figure 8). The limit between the two
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classes of mutations should depend on the local effective
population size. This analysis stresses important differ-
ences in the expected behavior of inbreeding depres-
sion and heterosis that can no longer be considered as
two exact opposite sides of the same process.

Contrary to this interpretation, one can argue that it
depends on the definition of heterosis, which differs
from that generally given by plant breeders: “When in-
bred lines are crossed, the progeny show an increase of
those characters that previously suffered a reduction
from inbreeding. . . . The amount of heterosis is the
difference between the crossbred and the inbred means”
(FALCONER 1989, p. 254). Indeed, for completely autog-
amous populations, according to this definition, hetero-
sis is the exact opposite of inbreeding depression. How-
ever, in all other cases, inbred lines have to be produced
before outcrossing them. During recurrent selfing, purg-
ing of lethals and fixation of mildly deleterious alleles can
occur. Consequently heterosis is not just the reverse of
inbreeding depression that can be estimated in the base
population. Each line can be viewed as a single isolated
population and heterosis is well defined by the excess
of mean fitness of individuals produced by outcrosses
between demes (equaling lines) relative to mean fitness
of individuals produced by outcrosses within demes
(equaling mean fitness of a line).

Consequences for the evolution of mating systems in
subdivided populations: Inbreeding depression is a key
parameter in the evolution of mating system because it
balances the “cost of outcrossing” (FisHErR 1941; UyE-
NoyAaMA 1986). The majority of theoretical studies mod-
eling the evolution of mating systems assumes single
and large (infinite) populations (but see HOLSINGER
1986). Here, we show that drift and subdivision can
modify the patterns of inbreeding depression and heter-
osis and should influence the direction of selection on
the mating systems. In our analysis, the mating system
does not evolve but it determines, jointly with the pat-
tern of migration, the amount of inbreeding depression.
In subdivided populations, two opposite pressures can
influence the evolution of selfing. Increased subdivision,
justas drift, leads to a decline of within-deme inbreeding
depression, which reduces the advantage of outcrossing.
However, subdivision also reduces the cost of outcross-
ing (UvENovamA 1986). Conversely, drift and subdivi-
sion also increase between-deme inbreeding depres-
sion, which may favor outcrossing with migrants. For
weaker selection against deleterious alleles (Ns < 1),
THEODOROU and CouVveT (2002) found similar patterns
of inbreeding depression and heterosis. Taking account
of both of these patterns and the cost of outcrossing,
they suggest that mixed-mating systems should be stable
for intermediate migration rates, especially with pollen
migration (that is not assumed in our study). In this case,
heterosis increases as the selfing rate increases (because
selfing limits pollen migration). Advantage to migrants
increases with selfing and can prevent the full invasion

of a modifier causing selfing. With a stochastic model
of selection on selfing rates in a continuous structured
population, RoNFORT and Couver (1995) also show
that population structure should maintain intermediate
selfing rates.

However, as already noted, our model and others
(WHiTLOCK et al. 2000; THEODOROU and CouvEeT 2002;
WHiTtLOoCK 2002) are basically single-locus models and
associations between loci are not taken into account. To
understand the real impact of population subdivision
on the evolution of mating systems, such associations in
subdivided populations should be modeled. Moreover,
migration rates can also evolve in metapopulations in
response to sib competition and to spatio-temporal vari-
ability in population sizes (e.g., OLIVIERI and GOUYON
1997). Heterosis could also be another factor that selects
for increasing migration rates (MorRGAN 2002). How-
ever, the coevolution of mating system, inbreeding de-
pression, and migration is still a challenging question.

Implications for conservation biology: The accumula-
tion of deleterious mutations in small populations
should increase the risk of extinction due to the process
called “mutational meltdown” (LyNcH et al. 1995). A
recent simulation study (HiGGins and LyncH 2001) has
shown that this process can also occur in metapopul-
ations. The increase in the risk of extinction is mainly
due to the drift load. A simple conclusion of our analysis
is that migration between populations efficiently purges
the main part of the load, by converting the drift load
into load due to segregating mutations; i.e., more muta-
tions can be selected against (see Figure 8). Moreover,
long-distance migration purges the drift load more effi-
ciently than local migration does (HIGGINS and LyNcH
2001); the effective size of selection is higher in the
island model than in the stepping-stone one (see Figure
1). In our model, we neglect the fact that intermediate
migration rates may favor the purging of recessive segre-
gating alleles (see discussion above and WHITLOCK
2002). However, intermediate migration rates can re-
duce the load due to segregating mutations but increase
the drift load (WHITLOCK et al. 2000). We thus think
that for conservation of endangered populations, high
connection among populations should be less risky and
globally much better than maintaining intermediate mi-
gration rates. In addition, such optimal migration rates
should be very difficult to estimate. Such a positive demo-
graphic effect of gene flow between populations, known
as the “genetic rescue effect,” has been documented in
metapopulations of Silene (RicaARDS 2000) and Daph-
nia (EBERT et al. 2002; HAAG et al. 2002). Advantages
to migrants can increase the effective migration rates
(see also INGVARSSON and WHITLOCK 2000) and protect
some demes from extinction, especially small and isolated
ones (RicHARDS 2000).

Other implications of our analysis include method-
ological considerations. The load would be an appro-
priate measure for estimating the impact of population
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size and subdivision on the fitness of small populations.
However, this quantity cannot be directly estimated. Ex-
perimental designs for the estimation of inbreeding de-
pression have been proposed to address this question
(CHARLESWORTH ¢t al. 1990a; DENG and LyNcH 1996;
DENG 1998). BaTAiLLON and KirgprATRICK (2000) and
others have already stressed that inbreeding depression
is not a useful indication of the load in small popula-
tions. In subdivided populations this conclusion still
holds. But our analysis shows that in subdivided popula-
tions, patterns of heterosis are similar to patterns of the
load and may constitute a measure of the load more
appropriate than inbreeding depression for conserva-
tion purposes. Moreover, mutations that cause the high-
est load also cause the highest heterosis but cause no
inbreeding depression (BATarLLon 2000b). More pre-
cisely, heterosis can provide an indication of the local
driftload (see also WHITLOCK et al. 2000), i.e., the excess
of load due to fixation of deleterious mutations in small
populations compared to the load due to segregating
mutations maintained in large ones. We thus propose
that joint measures of inbreeding depression and heter-
osis provide a general picture of the architecture of
the load in subdivided populations. The load due to
segregating mutations could be estimated through in-
breeding depression-based methods as already proposed
(CHARLESWORTH ¢t al. 1990a; DENG and LyNcH 1996;
DenG 1998). However, the present study shows that
corrections for population size and migration should
be taken into account. Alternatively, the drift load could
be estimated through the measurement of heterosis. A
limitation of this method is that we need to assume no
local adaptation. Consequently, an analysis of heterosis
would probably underestimate the drift load.

Few data that compare inbreeding depression and
heterosis among populations of different sizes or de-
grees of isolation exist. Often, mean performances of
whole populations of different sizes are compared (ELD-
RIDGE ¢t al. 1999; CASSEL et al. 2001). However, a positive
correlation between population size (and thus global in-
breeding level) and mean fitness is not evidence for in-
breeding depression, as is sometimes claimed, but evi-
dence of increasing load in small populations. A recent
study on the plant Silene alba (RicHARDs 2000) is in
good agreement with our predictions and clearly illus-
trates the distinction among inbreeding depression, het-
erosis, and the load. Germination rates were measured
for sib crosses, outcrosses within and between sites, and
two kinds of sites, central vs. isolated populations, were
contrasted. Inbreeding depression was lower in isolated
populations than in central ones (~0.2 vs. 0.5). On
the contrary, heterosis was high in isolated populations
(~0.6) but weak and nonsignificant in central popula-
tions (~0.06). Finally, germination rates for outcrosses
within populations were higher in central than in iso-
lated populations, which indicates a higher load in iso-
lated populations. Estimation of the load through in-

breeding depression would lead to the reverse conclusion,
that central populations suffer higher load than isolated
ones. The comparison of inbreeding depression and
heterosis shows that the architecture of the load differs
between central and isolated populations. The load is
weak and mainly due to segregating mutations in central
populations whereas it is quite high and mainly due to
fixed mutations in isolated populations. We thus suggest
clearly distinguishing among inbreeding depression,
heterosis, and the load in experimental studies, through
the determination of the levels of population structure
atwhich fitness-related traits are compared. This should
allow easier comparison among studies and more com-
plete analysis of the consequences of deleterious muta-
tions in natural populations.
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APPENDIX A: Fi; AS A FUNCTION OF THE MOMENTS OF &

The total genetic variance of allele frequency over the whole metapopulation, o%, can be decomposed into the

within-deme genetic variance, 0%, and between-deme genetic variance, o}. F§; can be defined as the ratio of the
genetic variance between demes over the total genetic variance.

Féqe=—. (A1)
Expressions for variances are given by
1 & 1 &
2= —Sx(1 - =S« A2
o1 KEX( sz) (A2a)
o= LS LSy (A2D)
K kS
1 K
0’%’\" = ;{ 19C,'(1 - x,») . (AQC)

Taking the expectation of o%, 0§, and of; over the ® distribution, and considering the symmetry of the model, we
obtain

0% = Eplx] — lKEq)[xz] - K;KlEq)[xx’] (A3a)
. . 1 . K—-—1 K-—1 .
o = Eg[x*] — }E(p[xz] - TE(D[XX'] = % (Ep[x*] — Eplxx']) (A3b)
oy = Eplx] — Ep[x*]. (A3c)
Using (A3a) and (A3b) in (Al), we obtain
s Ep[x*] — Egplxx'] (A4)

B K/(K — 1)Egplx] — 1/(K — 1)Eg[x*] — Ep[xx']’
which reduces to

s — Ep[x*] — Ep[x]* (A5)
Ep[x] (1 — Ep[x])

for the infinite island model.

APPENDIX B: MOMENTS OF THE DISTRIBUTION OF DELETERIOUS
ALLELE FREQUENCY IN THE STEPPING-STONE MODEL

We consider a circular stepping-stone model with K panmictic demes of size N, with K = 2por K= 2p + 1. We
assume local (and equal) migration between two adjacent demes. The diffusion terms are

Ms,, = —hsxy + (1 — x)p — mx + %n(xK t %)
My, = —hsx; + (1 — x)p — mx; + g(xi—l +ox) fori=2,..., K—1

My, = —hsxg + (1 — x)p — mxg+ g(xk—l + %)

x(1 — x)
2N
Woray, = 0 for i # j.

Vay, = fori=1,...,K

First-order moments: Using the function f(x, . . ., x¢) = x;, Equation 5 implies
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Ep[—hsx; + (1 — x)p — max; + %(x-—l + x41)] = 0.
Under the symmetry of the model, all the Eg[x] are equal and denoted L[ x], giving
2 9
Eplx] = =+ O(n").
hs
Second-order moments: Using the function f(x, . . ., &) = x%, Equation 5 implies
Under the symmetry of the model, Ep[xx,1] = Ep[xx11] = Ep[xx] for any i, giving
1 1
2(h+ + +) ] — 2 =(2 +) .
stptom 4NE<1>[ I mibsgp [ xx] [V 2NEq>[x]
Using the function f(x, . . ., xx) = x4, Equation 5 implies
m m
FEolp (i1 + x) — 2(hs + o + m) x40 + E('xi—l + X)X+ E(xi+ Xir0)X] = 0.

Using the same symmetry arguments,
2(hs + w + m)Ep[xx] — mbg[x*] — mEg[xx;] = 2pkg[x].

Let the function be f(x;, . .., xx) = xx.; with 1 < k < p. Equation 5 implies
m m
Eplp(xe+ x) — 2(hs + o + m)xixy, + 5(9@'—1 + X)X T E(xiﬂ—l + %) x] = 0.

Using the same symmetry arguments,

2(hs + p + m)Eplxx] — mEglxn ] — mEp[xx11] = 2uEalx].

Finally, using the function f(x;, . .., %) = XX, Equation 5 implies
m m
E(I)“L(XH_[J"' xl') - Q(hs + V8 + m)x,jxi+p+ E(X,'_] + xi+1)xi+[,+ E(XH_IJ_] + xi+p+l)xi] = 0.

Under the symmetry of the model and noting that x4 = 4,1,

2(hs + n + m)Eplxx,] — 2mlbg[xx, ] = 2uLe[x].

(B1)

(B2)

(B3)

(B4)

(B5)

Writing A = 2(hs + o + m) and C= (2n + 1/2N)p/ ks and neglecting p?/hs terms in the left-hand side, we need

to solve the following system:

CAT1eN om0 o0 | B

0 —-m A -m 0 ... .. 0 Egl xx ]
0 —-m A —m| | Ep[xx,-]
L0] | 0 —2m A || Eolxx] |

System solving: The system can be reduced to one general recurrent equation and two specific “boundary’

conditions:

C+ 2mEg[ xx;]
A+ 1/2N

—mbgp[xx_1] + ALp[xx] — mbgp[xx,] =0 fori=1,...,p—1

Ep[x*] =

_ 2mEg[xx, ]
Eg[xx,] A

(B6)

3

(B7a)
(B7b)

(B7¢)
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Fori=1,...p— 1, Ep[xx] = a\j + DN}, where \; and )\, are the roots of the characteristic equation m\* — AN +
m = 0:
A — NA? — 4m? A+ VA? — 4
AN=—————— and M= ———"7—"—.
2m 2m
To determine « and b we use Equation B7b for i = 1 and ¢ = p — 1, replacing Ep[x*] and Eg[xx,] by their
expressions given by (B7a) and (B7c). We thus obtain two linear equations in a and &

4 Nm 4 Nm
MA = m|—2 ) A = =22 U] e
_2CNm_ 1( m(l + 24N 1)) 2( 7”(1 + 2AN 2))
1+ 24N| = .
N2 N2 .
0 (A N 20N T (A = AN+ 20N || 0

In the case of the infinite stepping-stone model,

2CNm

a= ‘ (B8a)
M(2A’N + A(1 + 2NmN;) — m(4Nm + \;))
and
b=0. (B8b)
So we obtain
2C
Ep[x*] = B9a
1 + 2 VA — 4Nm? (B9%2)
1—i _ 2 _ 2\ i
Eyl] = A= 0 ), (B9b)
m(1 + 2 VA* — Nm?)
which give the following expressions, replacing A and C by their expression
[x%] = = + O(w? B10
fa hs(1 + 4NNhs(2m + hs)) (w3 ( )
Folxx] = W /m + hs — Nhs(2m + hs) L o). (B11)
hs(1 + 4Nhs(2m + hs))\ m

APPENDIX C: NUMERICAL COMPUTATION OF WRIGHT’S EQUATION

For the infinite island model, we can compute numerical values of inbreeding depression, mutation load, and
heterosis, using Wright’s distribution for ®,

P(x) = Cie“?f”ax/‘sx)dx (1)

Vas

with

x(1 = x)(1 = F)(1 — hs) + (x* + Fsx(1 — x)) (1 — s)
w

M, = + p(l —x) —vx+ mx—% —x (C2a)
x(1 — x)

Var =
) N,

(C2b)
where x is the average frequency of the deleterious allele over all the demes, C is a normalization constant such
that [{ ®(x)dx =1, W=1 — 2hs(1 — Fg)x(1 — x) — s(x*> + Fgx(1 — x)), and N.= N/(1 + K).

Equation (C1) can be numerically solved by iteration of the integration of [} x®(x)dx until x = [} x®(x)dx. Then
we take the expectations given by Equations 3a, 3b, and 3c over this distribution for inbreeding depression, the
load, and heterosis. For the F§;, we use Equation A5.

To test the usefulness of the effective size of selection, we also use Wright’s equation for a single population,
replacing N, by N%, with
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x(1 — x)(1 — F) (1 — hs) + (x> + Fsx(1 — x))(1 — )

My, =
® w

+ p(l—x) —vx — «x (C3a)

x(1 — x)

Vi, =
> 9N$

(C3b)

In both cases, direct calculations were done using the function NIntegrate of the mathematical software package
Mathematica (WOLFRAM 1996).



